The first-dose pharmacokinetic properties of intramuscular (i.m.) artesunate (ARTS; 2.4 mg/kg immediately [stat], followed by 1.2 mg/kg i.m. daily) and artemether (ARM; 3.2 mg/kg i.m. stat, followed by 1.6 mg/kg i.m. daily) were compared in Vietnamese adults with severe falciparum malaria. A total of 19 patients were studied; 9 received ARTS, and 10 received ARM. ARTS was absorbed very rapidly; concentrations in plasma peaked between 1,362 and 8,388 nmol/liter (median, 5,710 nmol/liter) within 20 min of injection and then declined with a median (range) half-life (t 1/2 ) of 30 (3 to 67) min. ARTS was hydrolyzed rapidly and completely to the biologically active metabolite dihydroartemisinin (DHA). Peak DHA concentrations in plasma ranged between 1,718 and 7,080 nmol/liter (median, 3,060 nmol/liter) and declined with a t 1/2 of 52 (26 to 69) min. In contrast, ARM was slowly and erratically absorbed. The absorption profile appeared biphasic. Maximum ARM concentrations in plasma ranged between 67 nmol/liter (a value close to the 50% inhibitory concentration for some Plasmodium falciparum isolates) and 1,631 nmol/liter (median, 574 nmol/liter) and occurred at a median (range) of 10 (1.5 to 24) h. There was relatively little conversion to DHA. After i.m. injection in cases of severe malaria, absorption of the water-soluble ARTS is rapid and extensive, whereas the oil-based ARM is slowly and erratically absorbed, with relatively little conversion to the more active DHA. On the basis of this pharmacological study, parenteral ARTS is preferable to ARM as an initial antimalarial therapy, particularly in the most seriously ill patients. These findings should be formally assessed by a randomized clinical trial.
Severe malaria kills between one and two million people each year. The qinghaosu derivatives artesunate (ARTS) and artemether (ARM) are being used increasingly for the parenteral treatment of severe falciparum malaria (23, 24) . They are intrinsically more potent as antimalarials, have a broader stage specificity of action against the malaria parasite (20) , and are simpler to administer and safer than parenteral quinine (1, 6, 25) . ARM has been more intensively evaluated, although ARTS is more widely used. ARM is formulated in an oil base because of its poor water solubility and can only be injected by the intramuscular (i.m.) route. There is evidence that i.m. ARM may not be absorbed adequately in severely ill children with falciparum malaria who are hypotensive or acidotic (13) . Nevertheless, i.m. ARM has proved as effective as parenteral quinine in the largest randomized trials ever conducted in severe malaria (1, 6, 21) and in adult patients with multiorgan dysfunction ARM was therapeutically superior (1) . ARTS is a hemisuccinate artemisinin derivative formed by the addition of sodium bicarbonate to lyophilized artesunic acid. ARTS is water soluble and can be given by either intravenous (i.v.) or i.m. injection. Both of these routes of administration give rapid therapeutic responses in severe malaria (7) . The data from patients with uncomplicated malaria suggest that i.m. ARTS is well absorbed (8) , but there have been no detailed pharmacokinetic studies in severely ill patients and, despite extensive use, there have been no large clinical trials comparing the efficacy of ARTS with other antimalarial drugs in severely ill patients.
In areas of the rural tropics where health care facilities are basic, i.m. injection of an artemisinin derivative may represent the best therapeutic option for severe malaria. We have, therefore, investigated the pharmacokinetic properties of ARM and ARTS given by i.m. injection in severely ill Vietnamese adults with falciparum malaria.
MATERIALS AND METHODS

Patients.
We studied 19 adult patients between June 1998 and September 1999. All were admitted to the Malaria Ward at the Centre for Tropical Diseases, Ho Chi Minh City, Vietnam, with microscopically confirmed severe falciparum malaria. The diagnosis of severe malaria was based on modifications of World Health Organization criteria reported previously (6, 22) . Briefly, severe malaria was defined as one or more of the following: (i) Glasgow Coma Score (GCS) of Ͻ11, (ii) jaundice (serum bilirubin of Ͼ50 mol/liter; a level of aspartate aminotransferase in serum more than twice the upper limit of the reference range), (iii) acute renal failure (level of creatinine in serum of Ͼ250 mol/liter), (iv) anemia (venous hematocrit of Ͻ15%), (v) hyperparasitemia (Ͼ250,000 asexual forms/l of whole blood), and (vi) a lactate level in plasma of Ͼ4.0 mmol/liter. Subjects who had been treated with an artemisinin derivative within 24 h were excluded, as were pregnant women and children under the age of 14 years. All patients or attendant relatives gave informed consent prior to participation in the study, which was approved by the Ethical and Scientific Committee of the Hospital for Tropical Diseases and the Health Services of Ho Chi Minh City, Viet Nam.
Methods. (i) Clinical procedures. On admission, a full clinical examination was performed, and blood samples were taken for full blood count, biochemistry, blood culture, parasite count, and baseline antimalarial drug assay. An indwelling intravenous catheter was inserted into the antecubital vein of the arm. Patency was maintained by flushing with small volumes of heparinized saline. Patients were randomized to receive either (i) ARTS (Guilin No. 2 Factory, Guangxi, Peoples Republic of China) at 2.4 mg/kg i.m. immediately (stat), followed by 1.2 mg/kg i.m. daily (corresponding to 6.25 and 3.13 mol/kg, respectively; injection volumes were all 5 ml) or (ii) ARM (Kunming Pharmaceutical Factory, Kunming, Peoples Republic of China) at 3.2 mg/kg i.m. stat (10.7 mol/kg; injection volume of 0.04 ml/kg), followed by 1.6 mg/kg i.m. daily (5.4 mol/kg, respectively; injection volume of 0.02 ml/kg).
All injections were given to the anterior thigh. After treatment was initiated, vital signs and parasitemia were monitored every 4 h (or more frequently, if indicated clinically) for 24 h and then every 6 h. Complications were managed as described previously (6) Blood samples were taken at 0, 5, 10, 15, 20, 30, 45, 60, 75, 90, and 120 min and then at 2.5, 3, 3.5, 4, 5, 6, 8, 10, and 12 h after drug administration. In patients randomized to ARM, initial plasma concentration profiles from the first five patients (last sample at 10 h in two patients and at 12 h in three patients) showed that further samples were needed to characterize the terminal elimination phase, and hence sampling in this group was extended midway through the study to include 12, 18, 20, and 24 h. At each time point, 4 ml of whole blood was collected in lithium heparin tubes (L.I.P, Northampton, United Kingdom). These samples were centrifuged immediately at 1,500 rpm for 5 min at 4°C, and aliquots of separated plasma were frozen at Ϫ80°C in Corning 1.8-ml cryotubes (Corning BV Life Sciences, Schiphol-Rijk, The Netherlands) until analyzed.
Thick blood films were stained with Giemsa. The number of asexual parasites per microliter of blood was determined by counting the white blood cells (WBC) in a high-powered field containing 500 parasites in which the ratio of parasites/ WBC was Ͻ1. The parasitemia was calculated as the product of the parasite/ WBC ratio and the WBC count. The time to a 50% reduction in the original parasite count was determined by linear interpolation of the parasite count-time data. Fever clearance time was taken to be the time of the first two axillary temperature readings of Ͻ37.5°C.
(ii) Analysis of ARTS, DHA, and ARM. Fully validated high-performance liquid chromatographic (HPLC) or gas chromatographic-mass spectrometric (GC-MS) methods were used to analyze ARTS, dihydroartemisinin (DHA), and ARM.
ARTS and DHA in plasma from patients who received i.m. ARTS were assayed by the HPLC method of Batty et al. (2) . The between-run coefficients of variation (relative standard deviations) were 5 and 6% at 900 and 4,970 nmol/ liter, respectively, for ARTS and 11 and 9% at 1,070 and 4,730 nmol/liter, respectively, for DHA. Quality control samples were included with each assay batch, with a requirement that the run was acceptable only if the QC was within Ϯ15% of the nominal value.
ARM and its metabolite DHA in plasma from patients who received i.m. ARM were quantified by the GC-MS method of Mohamed et al. (12) , with minor modifications in the GC-MS conditions. Briefly, separations and quantitations were achieved on a Hewlett-Packard 5890 gas chromatograph coupled to a Hewlett-Packard 5971A mass selective detector operating in selected ion monitoring mode (SIM). A J&W DB-5 30-m-by-0.25-mm (inner-diameter) GC column coated with a 0.25-mm film thickness of 5% phenyl methyl siloxone (part 122-5032; J&W Scientific Products GmbH, Cologne, Germany) was used. The gas carrier was helium at a flow rate of 1 ml/min, and the injection port temperature was 250°C. The oven temperature was 100°C initially and maintained at this temperature for 2 min and then ramped at 16°C/min to 250°C, maintained at the latter temperature for 1 min, and then ramped to a final temperature of 300°C. Under these conditions, the retention times were 10.5 min (m/z 152; dwell time ϭ 40 ms), 11 min (m/z 138; dwell time ϭ 40 ms), and 12.4 min (m/z 166; dwell time ϭ 40 ms) for DHA, ARM, and artemisinin (internal standard), respectively. The within-run coefficients of variation for the assay were 3.7 and 7.8% at 35 and 352 nmol/liter, respectively, for DHA and 3.8 and 6.1% at 67 and 671 nmol/liter, respectively, for ARM. Similarly, between-run coefficients of variation were 16.0, 13.5, and 8.7% at 8, 39, and 176 nmol/liter, respectively, for DHA and 13.0 and 6.4% at 70 and 185 nmol/liter, respectively, for ARM. The limits of quantitation were 40 nmol/liter for ARM and 3 nmol/liter for DHA. Quality control samples were included with each assay batch, with a requirement that the run was acceptable only if the quality control was within Ϯ15% of the nominal value.
(iii) Pharmacokinetic analysis. Data were plotted graphically and analyzed by using (4).
Statistical analysis. Data were analyzed by using the computer package SPSS for Windows (version 10.0; SPSS, Inc., Chicago, Ill.). The data are presented as means Ϯ the standard deviations (SD) or geometric means (SD range). Twosample comparisons were made by using the Student t test or chi-squared test as appropriate. A two-tailed level of significance of 0.05 was used throughout.
RESULTS
Of the 19 patients studied, 9 received ARTS, and 10 received ARM. There were no adverse reactions to either drug. One patient received peritoneal dialysis in the ARM group. Two patients died, both from the ARM group. The first, a 34-year-old male was admitted obtunded (GCS 7), jaundiced, acidotic (plasma lactate ϭ 11 mmol/liter), in acute renal failure, and in shock. He died 39 h after admission. The parasitemia (proportion of red cells parasitized) was 46% on admission, rose to a peak of 61% at 4 h, and was still above the admission value at 24 h. ARM levels in plasma remained Ͻ100 nmol/liter during the first 10 h after admission. The second, a 42-year-old male, was admitted jaundiced, comatose (GCS 6), and in shock and died 30 h postadmission. The admission parasitemia was 47%, falling to 2% at 24 h. ARM levels in plasma remained Ͻ20 nmol/liter for the first 10 h and did not rise above 50 nmol/liter during the first day. The other 17 patients made an uneventful recovery. The median (range) times to fever and parasite clearance time were similar in the two groups: 34 (15 to 60) h and 48 (21 to 60) h, respectively, in the ARTS group and 35 (15 to 60) h and 48 (30 to 60) h, respectively, in the ARM group. The baseline characteristics of the patients in the two groups are summarized in Table 1 .
Pharmacokinetics of i.m. ARTS. ARTS was absorbed very rapidly with peak concentrations measured in the first sample (5 min) in five of the nine patients. A one-compartment model was fitted satisfactorily to the plasma concentration-time data for both ARTS and DHA (Fig. 1) . No significant improvements in fit were obtained by using a two-compartment model, with mean Akaike information criteria for one and two compartmental models of 101 and 95, respectively (95% CI for the difference from Ϫ4.3 to 16.8). Derived pharmacokinetic parameters are summarized in Table 2 . There was a wide variation between individuals in peak ARTS concentrations in plasma (range, 1,362 to 8,385 nmol/liter). Elimination rates were rapid and varied relatively little between patients (coefficient of variation, 11.6%). ARTS was converted rapidly to DHA. By the first sample (5 min) DHA levels were a median (range) of 21% (5 to 122%) of the parent compound concentration. The molar AUC values for dihydroartemisinin were almost double those for ARTS (mean [95% confidence inter- VOL. 48, 2004 PHARMACOKINETICS OF ARTESUNATE AND ARTEMETHER 4235 val] difference of 727 [321 to 1,132] nmol/liter ⅐ h). DHA was eliminated significantly more slowly (P ϭ 0.018). The median (range) estimated elimination half-life for DHA was 52 (26 to 69) min compared to 30 (3 to 67) min for ARTS. These two values were significantly correlated (r ϭ 0.79; P ϭ 0.012) Pharmacokinetics of ARM. Plasma concentrations of ARM and DHA fluctuated widely after i.m. injection of ARM (Fig.  2) . As a result, compartmental modeling was not possible. In general, the absorption profile was biphasic with a relatively rapid initial absorption phase during the first 30 min, followed by a more gradual rise to a peak concentration at a median of 10 h (see upper panel, Fig. 2 ). Thereafter, mean ARM concentrations tended to decline slowly, but the levels at 24 h were still higher than those during the first 4 h of sampling. In individual patients (lower panel, Fig. 2 ), peak ARM concentrations in plasma ranged between 67 and 1,631 nmol/liter (median, 574 nmol/liter) and occurred at a median (range) of 10 (1.5 to 24) h. The mean plasma DHA concentration-time profile followed the same pattern as ARM (upper panel, Fig.  3 ) but at much lower concentrations. The mean ratio of parent drug to metabolite varied between 10 and 30 throughout the 24-h sampling period, a finding consistent with relatively little metabolism of ARM to DHA. In only two patients did peak DHA concentrations exceed 25 nmol/liter and in six patients, the concentration did not rise above 5 nmol/liter.
DISCUSSION
Severe malaria carries a high mortality that can only be reduced by effective antimalarial therapy (22, 24) . It is therefore essential that parasiticidal concentrations of antimalarial drugs are achieved as soon as safely possible after admission to hospital or health clinic. ARM is the most widely assessed of the parenteral artemisinin derivatives. Although it is an oilbased formulation that can be given only by the i.m. route, it has proved at least as effective as i.m. quinine in the treatment of severe malaria in large randomized trials that have enrolled collectively nearly 2,000 patients both in Asia and in Africa (1). The dose regimens recommended for both ARM and ARTS and used in the present study were developed empirically before valid analytical techniques were available that allow detailed pharmacokinetic-pharmacodynamic evaluation.
Despite the generally good clinical results with ARM, our data suggest that the absorption of i.m. ARM is erratic and unpredictable. Indeed, the plasma concentration profiles were so variable that we were unable to perform pharmacokinetic modeling. In 2 of the 10 ARM-treated patients studied, one of whom died, the concentrations of ARM in plasma did not exceed 50 nmol/liter within 6 h of dosing. Furthermore, conversion to the more active principal metabolite DHA was minimal, and thus the antimalarial efficacy depended almost entirely on the parent ARM.
Although malarial parasites are exquisitely sensitive to artemisinin derivatives, these low levels are very close to the highest reported IC 50 s for Plasmodium falciparum isolates taken from patients with primary or recrudescent infections on the northwestern border of Thailand (up to 60 nmol/liter for ARTS, 58 nmol/liter for ARM, and 29 nmol/liter for DHA) (3) and therefore below the concentrations required for maximum parasiticidal effect. In general, in vitro MICs are lower than those extrapolated in vivo partly because of differences in protein binding and because drug concentrations are constant in vitro, whereas they fluctuate in vivo. Poor absorption was documented previously in a study in African children with cerebral malaria (4), in which the combined levels of ARM and DHA in plasma peaked at Ͻ100 g/liter (336 nmol/liter). Taken together, these observations give rise to the concern that some severely ill patients may not absorb i.m. ARM adequately for maximum parasite killing in the critical early hours after the start of treatment. The superior intrinsic antimalarial potency of ARM compared to quinine, therefore, may be counterbalanced by its erratic absorption in the most severely ill patients. There are few other reports of ARM pharmacokinetics after i.m. injection, mostly in healthy subjects. In one, eight volunteers received a dose of 300 mg, with a geometric mean C max of 540 g/liter (1,812 nmol/liter) and mean half-lives of absorption and elimination of 2 and 6.9 h, respectively (9). The corresponding mean peak for DHA was greater than that of ARM (646 g/liter or 2,275 nmol/liter), but the elimination t 1/2 was of similar magnitude (5.1 h). In another study, eight subjects received 5 mg/kg by i.m. injection, and the mean peak concentrations were 588 g/liter (1,973 nmol/liter) and 142 g/liter (500 nmol/liter) for ARM and DHA, respectively (18) . The erratic absorption of ARM prevented accurate estimation of elimination half-lives (18) , as in the present investigation. It is difficult to know why the results of these two published studies differ so markedly, since the same dose of the same formulation of ARM was given and the same assay methodology (HPLC with electrochemical detection) was used.
A third study involving 17 Thai adults with severe malaria, carried out by the same group as the first volunteer study described above (9) , reported that the dose-adjusted AUC of ARM was increased in cases of severe malaria, especially in patients with renal impairment (10) . All subjects had plasma concentration profiles of both ARM and DHA that exhibited the same pattern as observed in healthy subjects (9) , with t max values all close to 4 h, and concentrations in plasma that fell progressively thereafter to levels that were below, or close to, the limit of detection at 24 h (10). These findings are in marked contrast to those in our patients and the other reported studies with ARM (13, 19) and the closely related compound arteether (11) , which suggests that the absorption of the oil based drugs from an i.m. depot is prolonged and erratic, and biotransformation to DHA much reduced compared to that after oral dosing.
Comparison of these results with studies of oral administration (18) suggests that extensive first-pass metabolism of ARM occurs when the drug is given by mouth compared to parenteral routes. After oral administration the AUC of the metabolite considerably exceeds that of the parent compound, whereas the reverse is seen after i.m. administration. The DHA concentrations in plasma measured in our patients with severe malaria were, after we adjusted for the lower dose used (3.2 versus 5 mg/kg), still considerably lower than those measured in healthy volunteers after i.m. administration (18) , suggesting that hepatic metabolism of ARM, mainly by CYP3A4, but also by 2B6 and 3A5 (5, 14) , is reduced by malaria infection. Acute malaria reduces the hepatic biotransformation of many drugs (16) . The metabolism of quinine (also largely via CYP3A4) has been shown to be reduced in proportion to the severity of malaria (19) . The effect of severe malaria on ARM pharmacokinetics may be even more pronounced, since both absorption from the i.m. injection site and hepatic conversion to the active metabolite are reduced.
In contrast to ARM, the absorption of ARTS was rapid and reliable. The concentrations of ARTS and DHA in plasma in our patients (median peak values of 5,707 and 3,223 nmol/liter, respectively) were generally similar to those reported previously in uncomplicated malaria (2, 8, 14) . The peak concentrations of ARTS and DHA are 50 to 100 times higher than those required for full activity against the parasite. Both are eliminated rapidly, even in cases of severe malaria; yet this brief exposure to the infecting parasite population (several hours) is sufficient for a maximum antiparasitic effect in all cases. There are also important pharmacokinetic differences between the two artemisinin derivatives after oral administration in malaria (15) . In a recent crossover study in uncomplicated malaria in which oral ARTS was compared to oral ARM, the relative oral bioavailability of oral ARM was 58% compared to that of ARTS (17) .
Unfortunately, there is still only one manufacturer of 1.18 (1.64-0.84) a C max , peak plasma concentration; V d , total apparent volume of distribution; k 10 , first-order elimination rate constant; t 1/2 ; half-life; MRT, mean residence time; AUC, area under the plasma concentration-time curve; CL, clearance; T max , time of peak concentration; k 01 , first-order formation rate constant; f, fraction of parent drug converted to DHA (assumed to be 100%). *, estimated from one-compartment modelling (DHA values assume 100% bioavailability); †, none of the artesunate AUC was extrapolated (0 to 10% of the DHA AUC was extrapolated).
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PHARMACOKINETICS OF ARTESUNATE AND ARTEMETHER 4237 parenteral ARTS, and this formulation is not yet prepared to an internationally recognized Good Manufacturing Practices standard. Parenteral ARTS has considerable pharmacokinetic advantages over ARM in the treatment of severe falciparum malaria. Since these drugs have a similar cost and are both widely available in the tropics, ARTS is the preferred choice for the treatment of severe falciparum malaria, particularly in patients who are most seriously ill and in whom absorption from an i.m. depot may be compromised. These findings should be formally assessed by a randomized clinical trial
